Abstract. We present results of a search for TeV γ-ray emission from the microquasar SS-433 and the surrounding region covering a ∼8
Introduction
SS-433 is the first, and best-known microquasar (Mirabel & Rodríguez 1999 ) powered by a compact object (neutron star or black hole), which in turn drives a bi-polar jet. The companion star, possibly a Wolf-Rayet , is in a 13 day orbit with the compact object. The bi-polar jet with a bulk speed of 0.26c (Margon et al. 1981) precesses with a ∼162.5 day period and is oriented at an angle ∼79
• to the line of sight. The morphology of the associated supernova remnant (SNR) W50, is likely heavily influenced by the jet pressure imparted on the surrounding interstellar medium. Observations at TeV γ-ray energies of SS-433 and surroundings are motivated by the extraordinary kinetic quiescent power output of the jets in the range 10 39 to 10 41 erg s −1 (Margon 1984; Kawai & Kotani 1999; Safi-Harb & Ögelman 1997) . This output amounts to a reasonable fraction of that required to maintain the Galactic cosmic-ray (CR) flux which is a few × 10 41 erg s −1 (Blandford 1980) . SS-433/W50, at a distance of 5.5 kpc (Vermeulen et al. 1993) , may therefore be one of the most powerful, and indeed most significant sites of CR acceleration in our Galaxy. Observations at TeV γ-ray energies provide important constraints on the likelihood of this scenario, and also on the conversion efficiency of kinetic energy into accelerated particles.
The framework described by Aharonian & Atoyan (1998) , hereafter AA, suggests that an appreciable flux of TeV γ-rays from SS-433 may be observed by ground-based γ-ray instruments. Inverse-Compton scattering of cosmic microwave background (CMB) photons by electrons accelerated at the eastern jet termination shock ∼60 east of SS-433 will result in a TeV γ-ray flux. This termination shock region is termed e3 (Safi-Harb & Ögelman 1997) or the "radio ear" by Dubner et al. (1998) (see Fig. 1 ). The e3 location is likely an interaction region of the eastern jet particles and interstellar medium (ISM), and may contain a non-relativistic shock of the type suggested in shell-type SNR. A rather steep power law (F x ∝ E −Γ ; Γ = 3.7
+2.3 −0.7 ) describes well the e3 X-ray emission, although a thermal Bremsstrahlung interpretation for the X-ray emission is presently not ruled out due to the limiting energy resolution of ASCA and ROSAT (Safi-Harb & Ögelman 1997) . The spatial correlation however between the radio and X-ray emission (Brinkmann et al. 1996; Dubner et al. 1998) at e3 is strong circumstantial evidence in favour of a non-thermal interpretation. Actually, a strong radio/X-ray correlation is noticed only for the e3 region, with other positions along the jet less prominent at radio energies. If the X-rays at e3 are indeed due to synchrotron emission, we can conclude that electrons there are accelerated to Multi-TeV energies. At other regions along the eastern jet non-thermal mechanisms for the X-ray emission such as inverse-Compton, synchrotron-self-Compton (Band & Grindlay 1986 ) and synchrotron emission (Safi-Harb & Petre 1999) have been invoked. A general hardening of the X-ray power-law spectral index is noticed as one progresses along the eastern jet closer to SS-433 itself. The western jet is more prominent at radio and infrared (IR) wavelengths, exhibiting broad-scale (>10 arcmin) correlation and small-scale IR knots (Fuchs 2002) . Knots are also seen in X-rays (ASCA and ROSAT) but do not in general correlate with those found in the IR bands. Correlation is also seen between some prominent IR knots (labelled knot2 and knot3 by Fuchs (2002) and radio emission at the CO(1-0) line (2.6 mm), suggesting interaction with local, dense molecular clouds. It is unclear if the IR emission is thermal or non-thermal. The higher density of ambient matter in the western region might be favourable conditions for TeV γ-ray emission from the interaction of accelerated hadrons
Observations at TeV energies can play a vital role in validating the synchrotron/inverse-Compton (S/IC) framework since the TeV γ-ray ( f γ ) and X-ray ( f x ) energy fluxes (above γ-ray energies E and X-ray energies respectively) are linked accordingly for IC scattering on the cosmic microwave background (CMB): in both X and γ-rays (Aharonian et al. 1997) :
so that the shock-compressed magnetic field B can be determined explicitly, thus providing important information on particle acceleration properties. The filling factor ξ ≥ 1.0 allows for emission regions of different sizes at X-ray and γ-ray energies. This can result if electrons escape/diffuse to regions of different B field from that of their corresponding synchrotron photons. Corresponding energies for the above comparison arise (e1, e2, e3, w1, w2) where separate spectral X-ray analyses were performed (Safi-Harb & Ögelman 1997) . A circle is included depicting the point spread function (radius = 0.1 • ) of the HEGRA IACT-System. The large ring of radius ∼2
• is an instrument artifact.
from S/IC theory such that the X-ray photon energy is related to the TeV γ-ray photon of energy E:
At γ-ray energies E ∼ 1 TeV a comparison of the X-ray energy flux at ∼ 0.1 keV is required for reasonable values of B ∼ 10 to 100 µG expected after shock compression. Earlier results at TeV energies for SS-433 by the HEGRA IACT-System have been reported (Aharonian et al. 2002; Rowell et al. 2000 Rowell et al. , 2001 . Upper limits for SS-433 and associated objects at energies at the 99% confidence level in the range 8 to 12% Crab flux were set. Interpreting the upper limit for the e3 region (with radius 0.25
• ) at 2.1 × 10 −12 ph cm −2 s −1 (0.13 Crab units) in the S/IC framework described above resulted in a lower limit on the e3 magnetic field of B ≥ 13 µG. This TeV flux upper limit lies close to the prediction of AA, when assuming reasonable values for the size of e3 (0.25
• radius), electron injection power (10 38 erg s −1 ) and spectral index (−2). Recent preliminary results from CANGAROO-II (Hayashi et al. 2003 ) after 52 h exposure also yielded upper limits for SS-433 and environs.
The ∼8
• × 8
• FoV achieved with all HEGRA IACT-System data also permits a wide survey for new TeV sources. In addition to the SS-433-related sources discussed above, a number of other a-priori chosen positions, corresponding to previouslyidentified sources were also chosen as potential sources of TeV emission. These included 23 pulsars, three SNR and one unidentified EGRET GeV source. Exposures of over 100 h in central parts of the FoV were achieved. For some of these sources, our upper limits can provide useful constraints on models of TeV γ-ray production.
Data & analysis
Data were collected using the HEGRA IACT-System 1 , a group of 5 atmosphericČerenkov telescopes which operated in coincidence for the detection of TeV γ-ray emission. Each telescope employed a multi-pixel camera of 271 photomultiplier tubes (PMTs) to view the generally elliptical images of extensive air shower (EAS)Čerenkov radiation initiated by γ-rays (and cosmic-rays) at the top of the atmosphere. The IACT-System operated at the Roque de los Muchachos, La Palma (2200 m asl, 28
• 45 N 17
• 54 W), until its decommissioning in September 2002. Full details of the IACT-System and its performance history can be found in Pühlhofer et al. (2003) . The coincident trigger ensured a minimum trigger multiplicity of n tel = 2 telescopes view each EAS, and permitted the use of stereoscopic techniques. For each image, parameters such as width, length, size, dis are calculated using the wellknown method of Hillas (1985) , and are used to characterise the image's location, orientation and shape. Such characteristics from the ≥2 images per event form the basis of the stereoscopic approach used here, which yields accurate reconstruction of an event's arrival direction and its conformity to a true γ-ray event.
The ground-based detection of γ-rays must be made against a dominating isotropic background of cosmic-ray-initiated EAS. This background can be suppressed by exploiting the physical differences in EAS development between γ-ray and CRs, leading to differences in image shapes. A cut on the socalled mean-scaled-width parameterw = n i width i /( w i n), for n images (Aharonian et al. 2000) , is used to reject CR images according to shape. Here, Monte-Carlo simulations are used to determine the expected width w for a true γ-ray, as a function of the image's size, impact parameter (distance of the EAS core from the telescope), and zenith angle of observations. The average of these so-called scaled widths width i /( w i ) is then calculated to formw. The distribution ofw for true γ-rays is centred on unity with CR background events filling higher values (reflecting the higher fluctuations and nucleonic components in CR EAS).
Event arrival directions are calculated using the algorithms described by Hofmann et al. (1999) and yield an angular resolution better than 0.1
• event-by-event, dependant upon the trigger multiplicity and energy of the event. The angular resolution is defined here as the standard deviation of a Gaussian fit to a point source of γ-rays (i.e. the point spread function, PSF). A cut on the parameter θ, the angular difference between the assumed and reconstructed arrival directions provides CR rejection based on direction. We have found that so-called "tight cuts",w < 1.1 and θ cut < 0.12
• are optimal for point-like sources in a background-dominated regime. In this analysis we primarily employed the direction reconstruction method described as "algorithm 3" by Hofmann et al. (1999) , along with a minimum telescope trigger multiplicity of n tel ≥ 3. Results from a number of γ-ray sources of the HEGRA IACT-System archive have found that removal of the exclusive n tel = 2 events yields better sensitivity. Similar results were Table 1 . Selection criteria applied to data for run, image and event selection. Description of various parameters are as follows; size: total photoelectron yield in an image; dis: image centroid to camera centre distance. This cut is used to remove images truncated by the camera edge and their residual effects;w: mean-scaled-width; n tel : number of telescope images used in stereo reconstruction andw calculation; core: distance from the central telescope (CT3) to the reconstructed shower core. also obtained using the other two direction reconstruction algorithms "1" and "2" as a check.
Run
Observations analysed here represent all HEGRA IACTSystem data with coverage of the SS-433 region, and utilised a total of 29 different tracking positions. The tracking positions were configured primarily under the so-called wobble mode in which a declination offset of ±0.5
• with respect to a particular source of interest was applied. Some data however were also taken as part of an ON-OFF pair for which only the ON runs were considered, and also selected runs were taken from the HEGRA galactic plane scan (Aharonian et al. 2002) . Table 1 summarises the various run, image and event selection criteria (the last one is described above). To remove data affected by adverse weather conditions, runs were selected if their raw trigger rate (from CR) was within a factor 0.75 of that expected for a given zenith angle, system configuration and epoch. A total of 391 runs were accepted for analysis reaching an exposure in excess of 100 h in central parts of the field of view (FoV) (see Table 2 ). Good image quality was maintained by rejecting images too close to the camera edge where they are distorted (dis ≥ 1.7
• ) and also those strongly influenced by skynoise (size ≤ 40 photoelectrons). The tracking positions for these data are scattered over a radius of a few degrees centred west of SS-433. Data were taken over 4 years in dedicated campaigns on SS-433, the SNR 3C 396 (SNR 039.2−00.3) and a scan of the galactic plane. Since the FoV response of single pointings has a rather wide FWHM ∼ 3.0
• , a combined analysis permits a search for TeV emission from potential sources over the FoV. The effective exposure (the product of the FoV efficiency η and exposure t) over the FoV is shown in Fig. 2 . η is estimated from the radial profile of γ-ray like events in the entire FoV (i.e. after the cutw < 1.1), and agrees well with Monte-Carlo-derived efficiencies for true off-axis γ-rays.
Search for TeV sources
Guided by multiwavelength results, a number of regions in the FoV were chosen a-priori as possible sites of TeV γ-ray emission. These included those associated with the SS-433/W50 complex, a number of pulsars, and also SNRs. Where an extended source of radius θ s is assumed, the cut on event direction used in this analysis, θ cut , is given by θ cut = θ 2 s + 0.12 2 . An estimate of the number of CR background counts also passing all cuts must be made in order to determine the level of any γ-ray excess and its significance. The background counts b, were estimated using the so-called template model (Rowell 2003a) . This model uses a subset of events normally rejected by thew cut (in this case 1.3 <w < 1.5), corrected for Excess significance Fig. 3 . Skymap of excess significance S over 3
• × 3
• FoV, using bin steps of 0.05
• × 0.05
• . At each bin, events are integrated within a circle of θ cut < 0.12
• , appropriate for a point source search. The locations and sizes of a-priori sources associated with SS-433 are indicated. The template background model is used to provide the CR background estimate at each bin position. Given the number of independent trials in such a skymap (of order few 100) one would expect a few +4σ bins. See also Fig. 4. response differences over the FoV, and yields a background estimate b spatially and temporally consistent with the source region. This was then used to estimate the excess s − αb for s source counts and a background normalisation α. As a check, alternative background estimates employing different spatial regions in the FoV were also implemented (e.g. regions mirrored through the tracking positions were used as background estimates). Results from these background estimates were consistent with those from the template model and are not reproduced here. Table 3 presents the results for each a-priori location within the FoV. The statistical significance applies to an assumption of steady TeV emission throughout all observations. No convincing evidence for TeV emission was noticed at any of the a-priori source positions. Following the method of Helene (1983), 99% confidence level upper limits in the range 1 to 12% of the Crab flux were calculated. The off-axis efficiency η is taken into account when estimating all flux upper limits. Furthermore the skymaps of excess significance presented in Fig. 3 which zooms in on the SS-433 region, and Fig. 4 covering the whole FoV, show clearly that no convincing evidence for steady point-like emission is seen from any position in the FoV. SS-433 is well known for variable and bursting output at radio to X-ray energies (see eg. Fender et al. 2000; Kotani et al. 2002) , and we therefore searched for such behaviour in our dataset. In particular, regular radio outbursts are associated with jet-ejection events and a number of these have triggered X-ray observations. Our final observations were in fact triggered by the radio flare of 2 Nov. 2001 (Kotani & Trushkin 2001) . In Fig. 5 we compare the daily excess significance from • , as for Fig. 3 . The locations of a-priori sources are indicated (Pulsars indicated as a star; SNR indicated by circular approximations to their sizes; GeV J1907+0557 is represented by its location error circle, and includes the ASCA source AXJ1907.4+0549). The template model is used to provide the CR background estimate at each bin position. The 1D distribution of significances of this skymap (within ±5σ) is well fitted by a Gaussian of mean µ = 0.106 ± 0.007 and std. dev σ = 1.012 ± 0.005. SS-433 and associated objects are represented by the central group of circles.
HEGRA IACT-System events consistent with the SS-433 direction (within θ < 0.12
• ), with the X-ray (RXTE ASM) and radio light curves (Green Bank Interferometer (GBI) 2 and RATAN 600) for the period encompassing our observations. No significant excess on a nightly basis is seen in our observations, which often overlap and closely follow the radio outbursts seen in the publically-available GBI and RATAN 600 (Trushkin 2004 ; see also Trushkin et al. 2003 ) data. As a guide, the 5σ sensitivity of the HEGRA IACT-System achieved on a nightly basis is between 0.35 and 0.50 Crab flux (E > 0.8 TeV) or 1.24 to 1.77 (×10 −11 erg cm −2 s −1 ) given that between 1 to 2 h exposure are obtained per night on SS-433.
As a further, more general test for variability over the entire FoV, we implemented the powerful exp-test described by Prahl (1999) . The exp-test is based on whether event arrival times deviate from a Poisson process. This generally requires detailed knowledge of, and correction for the temporal response function of the instrument. However, background events are also concurrently accumulated, and can be used as an in-situ measure of the temporal response. The exp-test may therefore be constructed by forming the distribution of the number of background events between successive γ-ray like events. In this way the exp-test requires no event times, no normalisation, and data gaps are automatically taken into account. For binned positions in the FoV, the γ-ray-like events (w < 1.1) and background events (1.3 <w < 1.5, from the template model) are accumulated in a single pass over data, and the exp-test significance S exp calculated. The skymap of exp-test significances obtained from all data is presented in Fig. 6 . S exp can be expressed as a function of the assumed duty cycle q, the ratio of high to low flux states r and the number of events used in each bin N = s + b (see Eq. (44) of Prahl 1999). The measured S exp value at each point in the FoV, and its corresponding N value can therefore be used to constrain a locus of duty cycle r vs. q values (Fig. 5 of Prahl 1999) . As an example, for the SS-433 region (and others in the central 3 to 4 degrees) the constraint S exp =< 0.1 √ N (as per Fig. 5 of Prahl 1999) rules out flux ratios r > 2.0 for duty cycles q = 0.2 to 0.8 (corresponding to variability on timescales of ∼20 to 80 h given the ∼100 h total exposure). Dec (J2000) [ deg ] Excess significance Fig. 6 . Skymap of exp-test significance from Prahl (1999) over the FoV (range and binning are the same as in Fig. 4 using the entire dataset. The 1D distribution of significances is well fitted by a Gaussian of mean µ = 0.024 ± 0.0007 and std. dev. σ = 0.965 ± 0.005.
Discussion and conclusions
We have performed a search for TeV γ-ray emission from SS-433 and associated objects, 23 pulsars, three SNR and the unidentified EGRET source GeV J1907+0557 with the HEGRA IACT-System. No evidence for steady or variable TeV emission has been seen and we discuss here some implications of the upper limits obtained.
Concerning the e3 region of SS-433, the inverse-Compton emission predicted by AA lies in the range 10 −12 to 10 −11 erg cm −2 s −1 . The radio spectral index at α ∼ 0.5 (Downes et al. 1986 ) (a value of α ∼ 0.68 is calculated by • (dot-dashed), 0.25
• (solid, actual radio "ear" size), 0.5
• (dashed) and 2.0 • (dotted). Our upper limit is included and assumes a source radius of 0.25
• (ie. to be compared with the solid line). The increasing predicted flux with opening angle results from the fact that the IC emission is actually emitted over a considerably wider solid angle, reflecting the ubiquitous nature of the CMB target photon field.
Dubner 2000; see also Dubner et al. 1998 ) and spatial correlation of the radio and X-ray fluxes support the notion that diffusive shock acceleration of electrons to TeV energies is taking place at e3. AA find that an electron injection spectrum of the form N(E) ∼ E −2 exp(−E/7 TeV) fits the radio and X-ray fluxes well. Determination of the electron injection rate is linked to the B-field (in this model, considered a free parameter) since the radio flux ∝B 1.5 L e where L e (erg s −1 ) is the injection power of electrons. AA also consider a number of source sizes, concluding that the measured size of the radio lobe corresponding to e3, of radius ∼0.25
• , is consistent with a diffusion coefficient implied from cosmic-ray flux transport in the galactic disk. A comparison of our upper limit for e3 F(E > 0.8 TeV) <8.93 × 10 −13 ph cm −2 s −1 with the predictions of AA (for various source sizes) is presented in Fig. 7 . Our upper limit constrains somewhat the prediction of AA assuming a source radius of 0.25
• , a B-field of 10 µG, and injection rate of L e = 10 38 erg s −1 . Using the direct relationship between the expected IC ( f γ ) and X-ray energy fluxes ( f x ) arising from the same electrons (Eq. (1)) we can establish a condition on the post-shocked magnetic field B of the e3 region. The mathematical caveat here is that the corresponding energy range in the TeV and keV regimes must be adhered to and that we assume that the emission regions of both components have the same size as in the model of AA. The IC (E TeV) and X-ray ( keV) synchrotron energies in Eq. (1) are coupled according to Eq. (2) (Aharonian et al. 1997) , so that a comparison of the γ-ray energy flux f γ in the range E ∼ 0.8 to 10 TeV with the X-ray energy flux in the range ∼ 0.1 to 2.4 keV (L x (0.1−2.4 keV) ∼2.3 × 10 35 erg s −1 or 6.35 × 10 −11 erg cm −2 s −1 at 5.5 kpc) will yield an appropriate value of B ∼ 10 to 100 µG expected after shock compression. In estimating f γ we also assumed a differential photon index of −3.7 which is the same as that for the X-ray emission. According to Eq. (1) we therefore derive a lower limit on the magnetic field within e3 of B ≥ 19 µG. This B limit is consistent with the equipartition field for e3 estimated at B ∼ 20 to 60 µG (Safi-Harb & Ögelman 1997, using a source region of radius ∼25 pc, or ∼0.25
• at 5.5 kpc). We do not discuss further results for the other regions along the jets (e1, e2, w1, w2, knot2, knot3) since no predictions for TeV γ-ray fluxes are available. Given however the strong nonthermal X-ray fluxes for e1 and e2, one could also constrain the B field in these regions using our upper limits.
For the 32 pulsars that are within our survey FoV, our null results might be expected since the emission arising from within the outer magnetosphere according to the polar cap and outer gap models would likely fall-off very steeply in the E < 50 GeV energy regime. Extra high energy components extending to the TeV regime under the outer gap model (inverseCompton emission extending to E > 1 TeV Hirotani et al. 2001) and unshocked wind models (Aharonian & Bogovalov 2003) are however predicted. Our results can be used to examine in general the overall energy available for very high energy γ-ray emission, which could arise for example from a pulsar wind nebula (see for e.g. Aharonian et al. 1997) . Based on the source stacking method outlined in Aharonian et al. (2002) we considered combined results from a subset of pulsars selected according their predicted spin-down flux observed at EarthĖ d ∼Ė/(4πd 2 ) ≥ 10 −13 erg cm −2 s −1 where the distance d is estimated from the pulsar's dispersion measure (DM). The spin-down fluxĖ d for each pulsar has been taken from the online ATNF catalogue 3 . A total of 11 pulsars of our sample meet this condition and their averageĖ d at Earth, weighted according to effective exposure (ηt), is 4.74 × 10 −12 erg cm −2 s −1 (or 4.9 × 10 −6 Crab spin-down flux units). Our upper limit at 2.15 × 10 −13 erg cm −2 s −1 therefore implies that on average no more than 4.5% of a pulsar's spin-down flux is available for γ-ray production at energies E > 0.7 TeV (Note this is a considerably larger fraction than that observed for the Crab where the flux E > 1 TeV is ∼10 −5Ė d ). The source stacking method assumes also that each of these 11 pulsars would convert the same fraction of their spin-down flux into TeV γ-ray production.
Turning to other potential TeV sources in our FoV, Olbert et al. (2003) discuss recent Chandra observations of the composite SNR 3C 396, revealing strong evidence for a central pulsar wind nebula. Taking their derived total spin-down luminosity of the putative central pulsar at 7.2 × 10 36 erg s −1 , and conservative distance estimate of 9.6 kpc, our upper limit implies a maximum 0.01% of the spin-down power would be converted into TeV γ-rays. With a suitable model, this could then be used to constrain the post-shocked B field under the synchrotron/inverse-Compton scenario, similar to that discussed earlier for the SS-433 e3 region. 3C 397, studied at length by Safi-Harb et al. (2000) , is a composite SNR with centre-filled X-ray morphology and shell radio morphology. It is in fact one of the brightest SNR at radio energies. The broad-band X-ray results ROSAT, ASCA and RXTE have been
